As the automotive industry quickly moves towards hybridized and electrified vehicles, the optimal integration of power electronics in these vehicles will have a significant impact not only on the cost, performance, reliability, and durability; but ultimately on customer acceptance and market success of these technologies. If properly executed with the right cost, performance, reliability and durability, then both the industry and the consumer will benefit. It is because of these interdependencies that the pace and scale of success, will hinge on effective collaboration. This collaboration will be built around the convergence of automotive and industrial technology. Where real time embedded controls mixes with high power and voltage levels. The industry has already seen several successful collaborations adapting power electronics to the automotive space in target vehicles. However, going forward the push for lower system cost and higher vehicle volumes will constrain the design freedom of past systems. We will discover that the previous collaboration levels will not be as effective in the future. This paper will explore how the optimization of Hybrid Electric Vehicle (HEV)/ Plug-in Hybrid Electric Vehicle (PHEV)/ Battery Electric Vehicle (BEV) architectures will be built on collaborations that are focused on power electronics. Some of these collaborations will be quite traditional Original Equipment Manufacturer (OEM) to Tier I to Tier II. While other may not be traditional at all, and may likely bring new players into the supply chain. We will review the systems level architecture design and development work, and evaluate the complex relationships and activity that must take place, from requirements definition to development and validation of a vehicle.
INTRODUCTION
As the electrification of the automobile advances forward, OEM's will need to understand the technology roadmap required to meet the dynamic needs of the market. To best meet these needs OEMs will strategically align and collaborate with tier one and tier two companies. These collaborations will allow for optimization of power electronics designs. Collaboration will lead to system optimization, energy diversity, and allow OEMs to drive this technology into the mainstream.
COLLABORATION
There can be no doubt that HEV, PHEV and BEV's are here to stay. As we saw with the significant fuel price climb of 2008, combined with ever increasing public awareness, and increasing legislative desire, the world is resetting their perception of HEV/PHEV/BEV vehicles. Both public and corporate sentiment seems to have accepted, and even
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embraced the need for change. It is clear that globally we will reduce our dependence on fossil fuel and our carbon foot print. While the exact formula of HEV/PHEV/BEV attributes are being debated, challenged and tested, one thing is for sure, there is no turning back. As the table in Figure 1 clearly shows these classes of vehicles will continue to grow.
This "perfect storm" of environmental awareness, economic concerns, political action, has not only created significant upheaval and change, but it has created significant opportunity as well. This opportunity will be available to all, but the main success factors will be the combination scale and speed. Or you could say, appropriately sized and fast to market. The most challenging element will be speed, and the key to moving fast will be the ability of organizations to collaborate.
As we have already seen the energy challenge of transportation will have multiple solutions in the graph below in Figure 2 demonstrates. What is also clear is that as we move to vehicle electrification, power electronics will play a significant role in this transformation. These power electronics technology options will be needed to meet regulatory and customer requirements, as well as a competitive environment with volatile energy markets and uncertainties in the global economy. We will be faced with leveraging our ability and skill at collaborating to achieve this diversity of energy supply.
The traditional automotive supply chain based on serial operation will adapt, and be modified to become more inclusive earlier in the design process. Companies cannot afford to take the traditional sequential approach when it comes to HEV/PHEV/BEV architectures. Also, the traditional vertical integration approach of organically growing the know-how gradually over time will not be a sustainable model. Organizations will have to adapt in order to remain competitive on product and process, but as well to attract and retain key talent needed to achieve successful designs. Especially in the area of power electronics, companies will move to a collaborative model (Figure 3 ) which will bring key stakeholders to the table early in the process.
Figure 3. Collaborative model.
This new way of operating will be non-sequential and more transparent in nature, and will improve understanding, and turnaround time. This model will help to develop strategic networks and development partnerships that will have long term benefits. This mode of operation will result in OEM and tier suppliers becoming true system partners.
CONVERGENCE OF AUTOMOTIVE & INDUSTRIAL TECHNOLOGY
Behind the challenges of HEV/PHEV/BEV power electronics design, is the convergence of two very different worldsautomotive and industrial. The industrial world has wide standardization, and tolerated service levels, compared to the ultra high performance, low cost and never serviced world of automotive.
While the base technology used HEV/PHEV/BEV is not new to automotive, the application is still in the early stages. Though industrial motors and power electronics have long been used on ships and trains, they did not typically have to meet the stringent system requirements of the modern automotive environment. Trains, ships nor stationary applications required the combination of significant thermal cycles, and vibration seen in automotive. Additionally, the expected performance and reliability of consumer automotive applications is a level above commercial transportation applications. In a typical industrial application, if a motor or power electronic fails, you bought a very expensive replacement part, and replaced it. This is not the case in the consumer automotive market. With long warranties both mandated and competitively driven, reliability must be a cornerstone of power electronics design. So as the industrial and automotive worlds converge around HEV/PHEV/BEV inverters, you begin to see yet another reason for adopting a new model of collaboration. In Figure 5 you see the assessment of inverter competencies of an independent set of supply chain members. Clearly to be fast and effective, the members will have interdependences on one another. You can also see that if a collaborative model is used, it enables vehicle OEM's, automotive tier 1 suppliers and the semiconductor supplier to leverage their strength and to achieve a collaborative integration. 
LOW COST & HIGH VOLUME
How fast we get there will depend on several factors, cost of the system, the price of oil and gas, and legislative pressures on CO 2 . Customer acceptance will be the key to the rate of adoption, as well as which companies will the lead. Cost, performance, reliability, durability and performance factors will have a significant impact. All of these will affect the way the systems are received by the customer. Customers will have to learn how to use these new vehicles, and what to expect from them. They will develop new expectations. Hybrid/Electric drive systems are capital intensive. Figure 6 shows a detail representative break down of the system costs. Electric Motors and Inverters represent a large percentage, approximately 60%. Figure 7 below illustrates the major building blocks of the inverter. Understanding these cost drivers help determine OEMs level of system specification required to optimize the Hybrid system. Next we will look at the system level tradeoffs that have to be made during development, and what the impact on design is. 
SYSTEM LEVEL ARCHITECTURE DESIGN AND DEVELOPMENT WORK
System optimization is achieved by understanding which tradeoffs at the individual component level, will result in the best possible system value. Value, in this context refers to functionality, cost, and complexity. Inverter functionality is best described in terms of efficiency, cycle avg. power, and contribution to overall vehicle fuel economy as shown in Figure 8 .
In HEV/PHEV/BEV applications inverters, motors, and batteries greatly affect overall value. When specifically focusing on the inverter, understanding the entire system can call for optimization of the component. Current OEM/TIER 1 business arrangements range from purchasing a turnkey system to OEM executing a build to print. Depending on the technical expertise of the OEM, system integration optimization will vary greatly. These approaches vary from purchasing a turnkey system "off the shelf", to a build to print approach. These approaches will also have varying levels of specification and analysis required for each. Current HEV analysis tools provide a large gamete of "dials" that can be turned to develop key parameters. Commercial and technical value is the key output of collaboration, and understanding and impacting these parameters. Component life expectancy, thermal stress, silicon technology, silicon characteristic optimization, on-board intelligence are some of the main points under these four challenge categories mentioned in Figure 9 . These suggest a strong partnership between OEMs and Semiconductor Industries to address our challenges properly. In electric/ hybrid electric vehicle applications high-voltage (HV) DC bus is shared by multiple power converter units and energy storage systems depending on the bus architecture. Each of these components should meet a set of common HV bus design/HV security requirements besides their own functional requirements. The traction inverter operation is a key part (highest power rated) in these applications. It affects not only its own power stage but also the performance of the HV system [5] . There are options available in terms of inverter switching algorithm and PWM switching frequency. Selection of these variables in the vehicle must meet the four main criteria mentioned in Figure 10 . This is an example of where the Tier 1 supplier and/ or semiconductor industry needs feedback from the OEMs so that they can optimize their design selection that has other details that may be not well understood by the OEMs.
COMPONENT SPECIFICATION AND DESIGN SELECTION
From an OEM stand point; there are multiple approaches, as shown in Figure 11 , in specifying a power converter and procuring an appropriate design. One approach is to share a set of drive profile requirements and rely on the power electronics supplier to performdetailed analysis on the drive cycle data and use this information to drive the hardware design. Another approach is to go one step outside the design step and perform a high level analysis of inverter/motor drive requirements as they apply to the vehicle under design. For example, this approach requires the OEM to check electrical power flow and functional analysis, lumped parameter thermal modeling and component mapping in terms of performance and efficiency. Another approach requires much more detailed analysis for OEM to conduct. In this case there needs to be collaboration with their supply base. The OEM will use their system knowledge together with supplier's component knowledge and data in the areas of module life expectancy, FEA based thermal model, module performance and efficiency that meet both the vehicle fuel-economy and drive expected performance. These different approaches are depicted in Figure 11 with three different layers showing three different approaches Loads to traction power inverters vary in magnitudes as well as in time durations (continuous or transients in nature). Vehicle driving cycle data contains this important load profile information for inverters. Data post processing is required to extract this information and then share this with the suppliers that should be used in sizing the power electronics components, particularly from efficiency, heat rejection, performance and vehicle life expectancy point of views. This approach, in Figure 12 , is considered as the most fundamental among other analysis spectrum items. Figure 13 shows the second possible approach from OEM is proposing component technical requirement. In this case inverter and motor (as part of the electric drive system) performance and efficiency mappings are being generated to study the vehicle architecture from fuel-economy, electric range and performance aspects. Different power stage components inside the power electronics hardware response differently to time varying vehicle load profiles, as mentioned previously. That is because of their different thermal time constants and stack ups. That's why the thermal modeling is also part of this approach that is used in sizing individual power stage components of an inverter as well as implements an effective thermal fold back strategy. The approach that needs the most collaboration between OEM, tier 1 as well as semiconductor industry is the one as shown in the outer layer of Figure 11 analysis spectrum. This approach probably offers the maximum flexibility for the OEM to exercise power electronics system design optimization and fulfill design challenges as depicted in Figures 9 and 10 . The list of analysis needed for this approach requires partnership across the board and this is a perfect example of collaborative integration as mentioned graphically in Figure 5 above.
Figure 12. Analysis spectrum-Driving cycle data
As mentioned earlier, the drive profiles generated by OEM are used to perform power electronics design analysis as shown in the block diagram of Figure 14 . All the requirements are coming from vehicle, hybrid powertrain, electric-drive and other system level requirement documents. The requirements are categorized as vehicle performance, drive profile schedules and system interface to other components.
The analysis for power electronics includes power stage component sizing, circuit-level analysis, mechanical and structural analysis, EMC analysis and finally HV DC bus and electric drive system level analysis. These analyses descend important information to the component technical requirement.
The process shown in Figure 14 follows the outer most analysis spectrum as described in Figure 11 . This approach uses a strong collaboration with the suppliers in order to evaluate multiple design proposals for traction power inverter. The overall objective is to optimize the selection of power-stage components that meets major design challenges mentioned in Figures 9 and 10 . Figures 15 and 16 shows some simulation results based on the analysis process of Figure 14 . Figure 15 shows cycle average inverter power loss that represents electric (EV) range, where two options have been compared against the target number (requirement). It shows the first option performs better for all fuel-economy cycles listed as FTP Urban, FTP Highway and US06. Figure  16 shows similar comparison between two options, in this case it represents the fuel-economy in terms of inverter cycle average power loss. 
COLLABORATION MODELS
Probably nowhere in the automotive industry more than in vehicle electrification, does the need to collaborate exist. Driven by extreme cost pressure, timing and technology issues, and compounded by the fact that vehicle electrification is at its core, the convergence of the industrial and automotive worlds will depend on their ability co collaborate. Collaboration will be the key determinate of the success level partners can hope to achieve. The collaboration models will have a significant impact, and require careful consideration. Today as we look across the industry, we can find as many variations of collaboration models as there are potential collaborators. But with a closer look, you will find that there are four basic models types. We define them as; Traditional, Specified, Vertical Integration, and VirtualVertical integration. While there are many similarities between these four, we have highlighted some of the differences below.
Traditional Model
• Description: This is the traditional model that is widely used across the automotive landscape today. It is sequential in that it requires the OEM to define the system requirements, then via traditional sourcing activity source the needed parts and technology. It is extremely effective, with predictable results. One important characteristic is that innovation is usually independent and sequential, and then is passed along the supply chain. In this model all parts are treated like commodities, and no one partner brings more to the venture than the other.
• Pros: Streamlined and well understood relationships. Commercial relationship provides clear and quantifiable cost evaluation. Clear ownership of technical issues, warranty, reliability.
• Cons: Not as effective when design or know how is non traditional automotive
Specified
• Description: Currently used in some places today. Examples like bus communication and some satellite content provider hardware. This is the most widely used "non traditional" form of collaboration used in automotive today. s innovation is sequential and can be passed on in packaged format. OEM specified, very similar to the traditional approach with a key exception. The car maker will specify either exact tier supplier or parts or designs, because they feel it is critical to meet their goals, including make or build to spec
• Pros: Very effective in targeted areas, especially where issues like system interoperability is important, like communications busses. Allows for targeted usage in key areas.
• Cons: Usually limited to narrow areas of specific collaboration. Can cause business issues regarding supply chain specific approvals Vertical Integrated
• Description: Basic ownership of the all or most of the supply chain by the OEM. Reminiscent of the early days of the auto industry.
• Pros: Complete control of technology and design, no reliance outside the organizations. Can manage all partners to technical, schedule and cost requirements.
• Cons: Burdened of the cost to maintain entire structure, without a enough market to spread cost over. Lack of fresh ideas or challenges from outside the host company
VIRTUAL-Vertical Integration
• Description: Where the supply chain of independent companies arranges themselves to collaborate as though they were single vertically integrated organization. It could be focused on a component or a subsystem. This would require the members to assess which criteria is important, and adopt behavior norms that will allow collaboration to flourish.
• Pros: Flexible and adaptable, allows for capture of best ideas and practices
• Cons: Business structure definition, liability, manageability, lack of experience, IP issues Traditional collaboration, all the way the Toyota vertical integration model has varying benefits and challenges when designing automotive power electronics. But another key component of collaboration models is the criteria that impact all models. Elements of collaborating with another company and how they support or detract from the effort, is also important. Below are some of the criteria which can have significant impact on a collaborative relationship, and they must be considered and analyzed before choosing a mode to operate.
We all know companies have moved past the traditional model in wide use today more in the direction of specified, but the tendencies are for most organizations to be middle where the impact on these criteria vary and can be hard to accurately assess until it is too late.
There can be issue with intellectual property, experience gain/knowledge transfer, and not to mention the commercial issues. Beyond development activity, the organization must work through issues like, contract management, delivery logistics liability, quality reliability, and IP. When you mix in new and different players like, engineering services, utilities, governments, universities and trade groups, the result is vastly more inter dependability between OEM's and the partners they need to design and build cars. 
IDEAL COLLABORATIVE STRUCTURE
As in most things in life, there is probably not one single ideal when it comes to collaboration. The core of collaboration requires companies to step outside of their traditional roles and work across companies lines to achieve the end goal. This drives a certain level of interdependence that goes beyond the cliché of "partnerships", which reveals several complex issues. Issues like; liability, intellectual property, resource sharing, resource interdependence must be addressed. Add into the mix the unavoidable commercial haggling, and you have enough ingredients to challenge any set of companies. Given all of this, it is clear that some form or variation of "Virtual Vertical Integration" seems to be the trend. While the many challenges for different companies to act as though their integrated, there exist a need for a network of competency that is beyond most companies abilities alone.
Furthermore, the "Virtual Vertical" model must sustain a systems approach focused on architecture design trade offs that impact several manufacturer, and their operating infrastructure. This condition also highlights that process used to collaborate is also important. Collaborating this closely can impact methods, tools and basic standardization topics to. Should information be open source vs. protected, what will the IP agreements be? But beyond these operational mechanics, there are some operational characteristics that are necessary for the ideal successful collaboration. After years of interacting in and close to this virtual relationship, we have identified six characteristics that we think warrant special attention when collaborating.
First is alignment. Goals must be aligned. This goes beyond the exactness of technical requirements, but the collaborating organizations must be aligned on what each is going to achieve in return for collaborating. How much must each be prepared to invest? What is the timing of innovation, design, and confidence level? Secondly is expertise. What are the different expertise levels needed, and do collaborators have the necessary expertise to reach the goals. There must also be a workable structure. As the relationship is now an interdependent one, and the teams are likely physically separated, there must be a formal and operation working structure in place. Fourthly, cooperation must abound. It is the oxygen that must permeate the relationship. Flexibility is the fuel. Preconceived notions of what we are willing to do, will only limit the success. Finally the overall foundation of the project must be trust. As the relationship is more inclusive than traditional sourcing, the trust level must be at a higher level. Teams must be able work in serving their master, while not compromising their co-collaborators from doing the same.
Figure 18. Ideal Collaborative Behavior Norms

SUMMARY/CONCLUSIONS
Electrified propulsion will continue to grow rapidly. What is also very clear is that there is a distinct convergence between the automotive and industrial worlds, that must take place if we are to successfully achieve a industry & technology merger of this scope. Sustainable success in the HEV/PHEV/ BEV space will require companies collaborate as close to vertical integration as possible to achieve the price, performance, quality and reliability that customers demand. The levels of collaboration will vary, but the criteria that guide these interactions will also play an important role in determining the ideal level of collaboration. Also, the behavior norms of alignment, expertise, structure, cooperation, flexibility, and trust will be required if the full benefits of collaboration are to be realized by all participants. These collaborative models will also lead to innovation of the business models, as we address challenges regarding intellectual property, system & product liability, and cost structures. Collaboration will not only be the cornerstone to optimizing HEV from the architecture perspective, but it will enable the value proposition of the entire application all the way to the end customer.
